Detecting orbital angular momentum in radio signals 



OO 
O 

o 

>>■ 



00 



H. Thcn,i B. Thide,^'^ J. T. Mendonga,'* T. D. Carozzi,^ J. Bergnian,^ W. A. Baan,*^ S. Mohammadi,"^ and B. Eliasson*^'^ 

^Institute of Physics, Carl-von-Ossietzky Universitdt Oldenburg, D-261 11 Oldenburg, Germany 
^Swedish Institute of Space Physics, Angstrom Laboratory, P. O. Box 537, SE-751 21 Uppsala, Sweden 
LOIS Space Centre, Vdxjo University, SE-351 95 Vdxjd, Sweden 
CFP and CFIF, Instituto Superior Tecnico, PT-1096 Lishoa, Portugal 
^Astronomy and Astrophysics Group, Department of Physics and Astronomy, 
University of Glasgow, Glasgow, G12 8QQ, Scotland, United Kingdom 
'^ASTRON, P.O.Box 2, NL-7990 AA Dwingeloo, Netherlands 
^Department of Astronomy and Space Physics, Uppsala University, P. O. Box 515, SE-751 20 Uppsala, Sweden 
^ Theoretische Physik IV, Ruhr- Universitdt Bochum, D-44780 Bochum, Germany 
^Department of Physics, Umed University, SE-901 87 Umed, Sweden 
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INTRODUCTION 

It is known from Maxwell's theory that electromag- 
netic (em) radiation carries angular momentum [H which 
can typically be separated into spin and orbital angular 
momentum associated with polarization and spatial dis- 
tribution, respectively. The photon spin angular momen- 
tum (PSAM) has routinely been used for several decades; 
and the progress in optical studies of photon orbital angu- 
lar momentum (POAM) has been rapid since Heckenberg 
et al. pointed out that laser modes with well-defined 
POAM can be readily produced and be detected via holo- 
grams. The POAM has been extensively used in atomic 
and molecular physics [3i]. It has also been employed 
in quantum optical communication concepts Q, for en- 
tangling photons and for manipulating and orienting 
small particles trapped in optical tweezers @. Mean- 
while it has become impossible to list all applications; 
for reviews see 0, H, 0| ■ 

All reported experiments have in common that they su- 
perimpose phase singularities (vortices) in optical fields. 
In a plane perpendicular to the beam axis, the phases of 
the electric and magnetic vector fields have an Icj) depen- 
dence where / is an integer and is the azimuthal angle. 
This means that for I ^ the phase fronts of beams are 
not planar but helical. As shown in Ref. this im- 

plies that the beam carries an 0AM of Ih per photon; 
see also Ref. [ll|. Because of destructive interference, 
the vortices appear as isolated dark spots and give rise 
to doughnut shaped beam profiles. 

However, besides the enormous advantages that 
POAM offers, it has apparently never been used in the 
radio domain. Moreover, it was an open question until 
recently of how to emit, manipulate, and detect POAM 
of radio waves. All the methods that have successfully 



been applied in optics are practicably unfeasible in ra- 
dio. For instance, scaling a hologram that fits within a 
few square millimeters for optical wavelengths, A < 1 /im, 
to one that is designed for radio waves, A > 1 m, results 
in a hologram that covers several square kilometers in 
size. 

The goal of the present paper is to highlight a number 
of possibilities that allow for the detection of POAM in 
radio. For some methods we discuss the required exper- 
imental setup and explore the range of applicability. 

ANTENNA ARRAYS 

Antenna arrays are capable of emitting radio beams 



with a well defined POAM as shown numerically in [12 1 
and analytically in [l^l . An advantage of radio is that the 
phase of the em wave is directly accessible and that digi- 
tal techniques are available for low frequencies (< 1 GHz) 
which allow to manipulate the POAM in software. 

For a pure spin state, the handedness of the circular 
polarization is the same at any point in the upper half 
space, and hence, can be measured with a single tripole 
antenna. But the POAM is non-local and in order to de- 
tect it, one needs full knowledge of the azimuthal phase 
shift around the invariant beam axis. Figure [1] displays 
the instantaneous directions of the electric field vector 
of a radio wave with spin angular momentum S across a 
5x5 antenna array, and Fig. [2]displays the instantaneous 
directions of a radio wave with spin and orbital angular 
momentum, S and L. Since the displayed beam is right 
circular polarized, E(r,t) = ^(1, i, 0)i?(r)e~*'^*, the di- 
rection of the instantaneous electric field vector can be 
identified with the local instantaneous phase of the em 
wave. In order to measure the POAM of the em wave 
that is displayed in Fig. [2] one needs at least three an- 
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FIG. 1: Schematic description of the instantaneous direction 
of the electric field vector of a radio beam with spin angular 
momentum S across a 5 x 5 antenna array. The left panel is 
for cut = 0, and the right panel is for cot = j. 



FIG. 2: Schematic description of the instantaneous direction 
of the electric field vector of a radio beam with spin and or- 
bital angular momentum, S and L, across a 5 x 5 antenna 
array. The left panel is for cut = 0, and the right panel is for 
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FIG. 3; A radio experiment that measures the torque of the 
total angular momentum flux. 
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FIG. 4; A modifled version of the torque experiment that 
yields a larger torque on a smaller absorber. 



DETERMINING THE ANGULAR MOMENTUM 
J = £0 / d^x{x - xo) X (E X B) WITH AN ARRAY OF 
TRIPOLE ANTENNAS 



tennas that are phase correlated with each other [ij, [l 



DIRECT TORQUE MEASUREMENT 

The torque of the angular momentum flux can be mea- 
sured with an absorber, e.g. a half sphere of graphite, 
that surrounds the antenna array, see Fig. [31 If the 
antenna array is directly over ground, the torque is 
^ = Q-i±^!.^^ where ^ is the power that is radi- 
ated by the antenna array and a is a constant depending 
on the reflectivities and the transmittances of the ground 
and the absorber [l^]. 

There are two ways to facilitate the experiment. Re- 
placing the dipole antennas by resonant circuits with fre- 
quencies in the kHz range increases the torque, because 
the angular momentum is proportional to the inverse of 
the frequency. Instead of using a half-sphere for the ab- 
sorber, a circular strip can be used that is smaller and 
that is located where the angular momentum density has 
its maximum, see Fig. 21 



Instead of measuring the torque directly, the electric 
and magnetic field distributions can be measured with 
an array of tripole antennas from which the angular 
momentum can be computed. Notice that if the lin- 
ear momentum P is non-zero, the angular momentum 
J = eo / d'^x{x — Xo) X (E X B) depends on the reference 
point Xq. The related quantity V x (E x B), or momen- 
tum vorticity, does not have this problem. If vector E 
and B fields are measured in an array, V x (E x B) can 
be computed using numerical discrete approximations of 
the differential. 

Care has to be taken since the angular momentum is in 
the non-transversal field components. In the far field, the 
transversal components exceed the non-transversal com- 
ponents of the em field by far and the latter become hid- 
den in the noise. However, even if the radial components 
become hidden, the angular momentum is transported 
unaltered all the way to infinity [ij. Hence, one needs 
other methods to measure the POAM, see e.g. the ro- 
tational Doppler shift or the Hanbury Brown and Twiss 
effect, further below. 

Finally, we mention that the antenna array needs to 
cover a whole cross section of the beam requiring huge 
arrays, if the distance to the emitter becomes large. Con- 
sequently, better ways for detecting the POAM are ex- 
plored, below. 



HOLOGRAMS 

In laboratory, holograms for radio waves are unfeasible; 
they are just too large. Nevertheless, they may become 
important for experiments in space. Just think of the 
spiral arms of a neighboring galaxy to form a diffractive 
optics, or the possibility to design dust jets by special 
flight patterns of rockets. 

Holograms can replace antenna arrays. Instead of us- 
ing an array for triangulating the phases of the field, see 
below, the beam vorticity can be converted by a holo- 
gram. With a single crossed dipole antenna that is lo- 
cated on the beam axis behind the hologram, it can be 
checked whether the topological charge of the incoming 
beam is compensated by the hologram's vorticity. 

We are nevertheless aware of the fact that holograms 
for em waves are experimentally challenging because of 
their large size and the fact that they need to be aligned 
with the beam axis. 



TRIANGULATION 

The POAM can be detected by triangulating the elec- 
tric field with an array of tripole antennas. If the 
azimuthal phase shift associated with the topological 
charge is known along a circle around the beam axis, 
the POAM can be read off, cf. Fig. [2] In the simplest 
setup this requires that the beam axis is on the antenna 
array and that the array extends out to the region where 
the doughnut shaped beam carries its intensity. 

In a pure POAM state one can read off the POAM from 
the azimuthal phase shift directly. Any superposition 
of different POAM states is decomposed via a discrete 
Fourier transform of the azimuthal phase shifts 12|. 

There is no guarantee that the axis of the incoming 
beam hits the antenna array. Typically, the beam axis 
misses the array and the antennas cover only a part of 
the doughnut shaped beam, see Fig. [51 Luckily, the 
phases of the em wave can be measured with high ac- 
curacy allowing for their extrapolation. This enables off 
axis measurements that are possible in radio only, but 
not in optics. 

For simplifying the explanation, it is assumed that the 
incoming radio wave is in a pure POAM state. If the 
axis of the incoming radio beam is not centered on the 
antenna array, the extrapolation is carried out as follows: 
(i) One measures the relative phases of the E field at each 
antenna of the finite size array, see Fig. [5l (ii) One finds 
lines of constant relative phases by interpolating the E 
field over the finite size array, see Fig. [6l (iii) Extrapo- 
lating these lines far out until they cross in one point, one 
finds the beam axis. The distance from the antenna array 
to the beam axis is denoted by R. (iv) A circle segment 
with radius R and angle D/R is covered by the antenna 
array, where D is the diameter of the array, see Fig. [T] 
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FIG. 5: Schematic description of the instantaneous electric 
field vectors of an oflF axis radio beam with spin angular mo- 
mentum S and orbital angular momentum L, across a 4 x 4 
antenna array. 
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FIG. 6: Same as Fig. (5] In addition, lines of constant relative 
phases are shown. If extrapolated, the lines cross on the beam 



(v) Neglecting all errors in the geometrical construction, 
except of the uncertainty of the relative phase A(f> along 
the circle segment of angle D/R, results in a 2tt/{D/R) 
multiple thereof, if extrapolated to the whole circle. This 
finally yields 2'kAI > A(j)2TT / {D / R) or Al > RAcjj/D as a 
lower limit for the uncertainty in the extrapolated value 
of the topological charge. The error one is confronted 
with in a real observation is indeed larger, because there 
is also the uncertainty in determining R. Since the topo- 
logical charge is integer valued, the uncertainty does not 
matter as long as it is less than 1/2. Off axis measure- 
ments allow to estimate large values of the topological 
charge up to |Z| < KttR/D with a moderate number K 
of antennas along a circle segment of length D. 

Note that in case the emitter is at an astronomical 
distance, i.e. extremely far away, the diameter of the 
antenna array that needs to cover a substantial part of 
the doughnut shaped beam profile is required to become 
giant, see Fig. [S] An earth bound antenna array, if com- 
pared to the size of the incoming radio signal, may be 
just like a local detector in one point that is capable of 
measuring the spin part of the angular momentum only. 

The following example explains the situation more 
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FIG. 7: The circle segment that is covered by the antenna 
array. 



quantitatively. Consider a source at the distance of 
Sirius, r = 2.637 pc, that emits a radio signal at the 
wavelength of the hydrogen line, A — 21cm, and that 
the emitting process shall take place on a circular ring 
with a diameter that is comparable with the size of our 
sun, d = 1.3914 • 10^ m, the diameter of the doughnut 
shaped beam mode takes roughly the size of D = — 
11940 km (I = ±1) which is comparable with the size of 
the earth. In this case the POAM can be detected if the 
relative phases of the incoming beam are triangulated 
across the whole surface of the earth. But if the dis- 
tance to the source increases, if the wavelength becomes 
larger, or if the emitting process is in a smaller region, 
the limits of what is detectable with current techniques 
of triangulation are exceeded. 




FIG. 8: The doughnut shaped radiation pattern of a rotating 
source traversing an earth-bound telescope. 



RADIATION PATTERNS 

From the radiation pattern, i.e. the distribution of 
energy which can be measured in the far field, one can 
conclude via models of the emitting process whether the 
beam carries POAM. For instance, a doughnut shaped 
radiation pattern gives a strong hint that the topological 
charge should be non-zero. Since a model for the radia- 
tion process has to be assumed, the conclusion of POAM 
from radiation patterns is highly indirect and may also 
not be unique. 



THE LIGHTHOUSE EFFECT 

If the incoming em waves are coherent and stationary, 
one can use a single tripole antenna to explore the electric 
field in space by moving the antenna around and record- 
ing the data. This allows for triangulation methods while 
using one single antenna only. 

If the emitter rotates around an axis that differs from 
the beam axis, one does not need to move the antenna 
around, because the em fields themselves move across 
the detector. Let us call this effect the light house effect. 
Mapping the spatial azimuthal phase correlations to tem- 
poral phase correlations allows to detect the POAM of an 
arbitrary far distant source with a single dish telescope, 
see Fig. El 

The key advantage of the light house effect is that it 
increases the "POAM baseline" of the telescope to an 
enormous size, depending on the coherence time but not 
on the physical size of the telescope. 



ROTATIONAL DOPPLER EFFECT 

Should the radio emitting object rotate fast and have 
sharp discrete lines in its emission spectrum, the angular 
momentum of the emitted em waves can be measured 
indirectly via shifts and splittings of the spectral lines. 
The shifts result from the rotational Doppler effect to — 
'^o = + where fiy is the projection of the rotation 
frequency onto the wave vector k [16i | . Decomposing into 
pure spin states, the discrete emission spectrum will be 
decomposed into one for s = -1-1 and one for s — —\. 
These two spectra should almost coincide in their spectral 
lines, except for an overall shift. The relative overall shift 
between the two spectra is equal to twice the rotational 
frequency of the emitter. Once f2|| has been read off, one 
can search for spectral lines that are separated exactly by 
and integer multiples thereof. Each of these spectral 
lines corresponds to a specific POAM state (l3 |. 
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THE HANBURY BROWN AND TWISS EFFECT 

Higher order quantum correlations in the temporal 
domain allow for intensity interferometry of light and 
em waves, as was found and demonstrated by Hanbury 
Brown and Twiss. The original derivation of Hanbury 
Brown and Twiss for their effect is valid, if the incoming 
radiation is in a pure quantum state. Different polar- 
ization states (spin) give an extra factor of one-half, see 
Hanbury Brown and Twiss [l3|, page 319, lines 7-17. 
That the em waves can also differ in state, because of 
POAM, has been overseen. The latter gives raise to an- 
other factor which depends on the geometry of the dough- 
nut shaped beam, namely on how many doughnuts of 
individual POAM states overlap with each other at the 
detector. 

SUMMARY 

Methods for the detection of POAM in the radio do- 
main have now been proposed. Our list is not exhaus- 
tive and we understand it rather as a door opener to an 
unexplored area of fundamental physics. While some ex- 
periments are suitable to be conducted in a laboratory, 
e.g. the direct torque measurement, the triangulation of 
the phases of the em field requires large detectors. If 
the progress of the upcoming radio telescopes LOFAR 
[H, LOIS 0, and SKA ^ keeps on going, these tele- 
scopes will become in the future the natural candidates 
for systematically scanning the sky for POAM in radio 
via triangulating the electric field. 
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